In this paper we report the successful incorporation of silicon into SrFeO 3Àd perovskite materials for potential applications as electrode materials for solid oxide fuel cells. It is observed that Si doping leads to a change from a tetragonal cell (with partial ordering of oxygen vacancies) to a cubic one (with the oxygen vacancies disordered). Annealing experiments in 5% H 2 /95% N 2 (up to 800 C) also showed the stabilization of the cubic form for the Si-doped samples under reducing conditions, suggesting that they may be suitable for both cathode and anode applications. In contrast to the cubic cell of the reduced Si doped system, reduction of undoped SrFeO 3Àd leads to the formation of a brownmillerite structure with ordered oxide ion vacancies. 
Introduction
Perovskite transition metal containing oxides have attracted considerable interest due to potential applications as cathode materials in the eld of Solid Oxide Fuel Cells (SOFCs). Traditionally doping strategies for such materials have focused on substitution with cations of similar size, e.g. Sr for La. MgMoO 6 , have also been investigated in recent years as alternatives to Ni-cermets to allow the direct utilization of commercial hydrocarbon fuels (with their associated impurities, e.g. S).
6-11
Perovskite SrFeO 3Àd is an interesting material which exhibits high mixed oxide ionic and electronic conductivity and therefore can be potentially used in electrochemical devices such as oxygen permeation membranes, oxygen sensors, and SOFCs. [12] [13] [14] Iron cations in this system are in a mixed valence state ranging from +4 to +3, corresponding to a wide range of oxygen nonstoichiometry, while the structure changes from tetragonal to orthorhombic brownmillerite type, as the iron oxidation state reduces to 3+ and hence the composition changes to SrFeO 2.5 , with associated long range ordering of oxide ion vacancies.
15-17
The formation of ordered oxygen vacancies is not favourable for practical applications because it drastically reduces oxide ion conduction, while the oxygen deciency also results in a decrease in both mobility and concentration of hole carriers. 18, 19 Therefore, in this work we propose the modications of SrFeO 3 -based materials through the incorporation of silicate to stabilize the high symmetry cubic form, even at low oxygen partial pressures.
The approach employed stems from prior observations on the successful incorporation of oxyanions into perovskite-type cuprate superconductors and related phases. [20] [21] [22] [23] [24] [25] [26] [27] [28] This work demonstrated that the perovskite structure can incorporate signicant levels of oxyanions (carbonate, borate, nitrate, sulfate, and phosphate). In such samples, C, B, N, P, and S of the oxyanion group were shown to reside on the perovskite B cation site, with the oxide ions of this group lling 3 (C, B, N) -4 (P, S) of the available 6 oxide ion positions around this site.
Recently we have illustrated this oxyanion doping strategy in perovskite-type materials with potential for use in solid oxide fuel cells. The introduction of silicate groups is of particular interest, since silica is widely considered a detrimental contaminant of SOFC materials, particularly electrolyte materials, as it has been reported to segregate at the grain boundaries where it forms insulating siliceous phases, lowering the conductivity, such that overall performance is degraded. [32] [33] [34] [35] [36] [37] [38] For example, it has been reported that several hundreds of ppm of SiO 2 can increase the electrolyte grain boundary resistance by over one order of magnitude.
39-41
Our preliminary studies on Si incorporation were performed in cobalt-based perovskite electrode materials, showing the successful incorporation of Si into La 0.6 Sr 0.4 Co 0.8 Fe 0.2 O 3Àd and Sr 1Àx Y x CoO 3Àd -based materials, with signicant results in terms of improvements in the conductivity and an enhancement in the stability towards CO 2 . 42 The enhancement in performance is in contrast to previous assumptions of the detrimental effect of Si and can be attributed to the incorporation of the Si into the perovskite structure, whereas in prior studies of the effect of Si on fuel cell materials researchers have typically examined its addition as a secondary phase. Very recently, Sr y Ca 1Ày Mn 1Àx Si x O 3Àd cathode materials have been prepared by solid state reaction, and direct evidence for the incorporation of Si into the structure is provided for the rst time by 29 Si NMR. 43, 44 In each case, Si doping is shown to enhance the conductivity, which can be attributed to electron doping (driven by the introduction of oxide ion vacancies due to the preference for Si to adopt tetrahedral coordination), as well as, for some systems, a change from a hexagonal (containing face sharing of octahedra) to a cubic perovskite (containing corner sharing of octahedra).
Therefore, in this work we have extended these studies to silicon doping into SrFeO 3Àd systems, with a view to stabilize the cubic form of these systems at low oxygen partial pressures, avoiding its transition to the brownmillerite form, and thus, potentially allowing the use of these samples as anode and cathode materials in symmetrical fuel cells. Pulverisette 7 Planetary Mill) and reheated to 1150 C for a further 12 h. Finally, they were then ball-milled (350 rpm for 1 hour) and reheated to 1200 C for a further 12 h. All the heating processes were carried out in air. Powder X-ray diffraction (XRD) (Bruker D8 diffractometer with Cu Ka 1 radiation in transmission mode, Debye-Scherrer) was used to demonstrate phase purity, as well as for cell parameter determination. For the latter, the GSAS suite of programs was used. 49 In order to obtain further structural details, neutron diffraction data were collected on an HRPT diffractometer 50 [SINQ neutron source at Paul Scherrer Institut, Villigen, Switzerland]. Rietveld renement was performed using the GSAS suite of programs. 49 Oxygen contents were estimated from thermogravimetric analysis (Netzsch STA 449 F1 Jupiter Thermal Analyser). Samples were heated at 10 C min À1 to 1200 C in N 2
and held for 30 minutes to reduce the Fe oxidation state to 3+, with the original oxygen content and average Fe oxidation state then being determined from the mass loss observed.
To determine the potential use of these materials as SOFC anodes the samples were annealed for 24 hours at 800 C in 5% H 2 -95% Ar to study the effect of silicon doping on the stability under reducing conditions. In order to gather further information on the Fe oxidation state, 57 Fe Mössbauer spectra were recorded in constant acceleration mode using a ca. 25 mCi 57 Co/Rh source and a helium closed-cycle cryo-refrigerator. All the spectra were computer tted and the chemical isomer shi data are quoted relative to metallic iron at 298 K. Pellets for conductivity measurements were prepared as follows: the powders were rst ball-milled (350 rpm for 1 hour), before pressing (200 MPa) as pellets and sintering at 1200 C for 12 h. Four Pt electrodes were attached with Pt paste, and then the sample was red to 800 C in air for 1 hour to ensure bonding to the sample. The samples were then furnace cooled to 350 C in air and held at this temperature for 12 hours to ensure full oxygenation. Conductivities were then measured using the four probe dc method in two different atmospheres: air (for cathode applications) and 5% H 2 /95% N 2 (for anode applications).
To elucidate the potential of these materials as SOFC electrodes, symmetrical electrodes were coated on both sides of dense Ce 0.9 Gd 0.1 O 1.95 (CGO10, Aldrich) pellets (sintered at 1500 C for 12 h) using a suspension prepared with a mixture of electrolyte and electrodes (1 : 1 wt%) and DecouxÔ (WB41, Zschimmer and Schwarz) as a binder material. The symmetrical cells were red at 900 C for 1 h in air. Aerwards, a Pt-based ink was applied onto the electrodes to obtain a current collector layer and nally red at 800 C for 1 hour. Area-specic resistance (ASR) values were then obtained under both symmetrical air (cathodic conditions) and 5% H 2 /95% N 2 (anodic conditions) atmospheres in a two electrode conguration. To avoid the reduction of the CGO electrolyte, the measurements were carried out only at 600 C under reducing conditions. Impedance spectra of the electrochemical cells were collected using a HP4912A frequency analyser, at open circuit voltage (OCV), in the 5 Hz to 13 MHz frequency range with an ac signal amplitude of 100 mV. The spectra were tted to equivalent circuits using the ZView soware 51 which allows an estimation of the resistance and capacitance associated with different cell contributions.
Results and discussion

Solid solution range
For the SrFe 1Àx Si x O 3Àd series, single phase samples could be achieved up to higher levels of silicon, x # 0.15. Exceeding this Si content led to the segregation of secondary phases, such as Sr 2 SiO 4 (PDF 038-0271). The undoped sample showed a tetragonal symmetry due to partial ordering of the oxygen vacancies. This is clearly seen in the inset of Fig. 1 , where we can observe the splitting of the peaks in the 45-60 2q ( ) region. Through Si doping there was no long range oxygen ordering and the samples showed a cubic cell, see Fig. 1 . Cell parameters for these systems were determined from the X-ray diffraction data using the Rietveld method (see Table 1 ), showing an increase in the cell volume as the Si content increases. The Rietveld plots for SrFeO 3Àd and SrFe 0.9 Si 0.1 O 3Àd are shown in Fig. S1 . † In addition, hkl values for the main diffraction peaks are shown in Tables S1 and S2 † for SrFeO 3Àd and SrFe 0.9 Si 0.1 O 3Àd . Similar results were reported in a previous study where (Ca, Sr)MnO 3 -based compounds were successfully doped with silicon. 44 The change in cell parameters for these oxyanion doped perovskite materials is a balance between the effect of the smaller size of Si 4+ ions, which would be expected to lead to a reduction in cell volume, and the associated reduction of Fe 4+ to give a higher concentration of Fe 3+ , which would be expected to lead to an increase in cell volume. The formation of 3+ species through Si doping is predicted by the following defect equation:
As can be seen from the above equation, a key driving force for the reduction of Fe 4+ to Fe 3+ is the introduction of oxide ion vacancies due to the lower coordination (tetrahedral rather than octahedral) preference of the Si dopant (i.e. for x ¼ 0, the B cation site is completely occupied by Fe, while for x > 0 some Si is on this site, which is tetrahedrally coordinated, and thus leads to a reduction in the total oxygen content). Thus, while we are nominally performing an isovalent (Si 4+ in place of Fe 4+ )
substitution, the generation of oxide ion vacancies results in partial reduction, i.e. electron doping.
The average oxidation states of Fe in these systems reported in Table 3 showed a decrease in the average iron oxidation state and increase in the oxygen vacancies as the Si content increases, in good agreement with the defect equation given above illustrating the predicted effect of Si-doping in these systems.
Keeping in mind the use of these materials in symmetrical fuel cells, their stability was also examined under reducing conditions (24 h at 800 C in 5% H 2 -95% N 2 ), to examine their possible application as SOFC anode materials. The undoped sample, SrFeO 3Àd , showed a transition from a tetragonal to an orthorhombic symmetry (see Fig. 2 ). This behaviour is due to the loss of oxygen, leading to the formation of a phase (Sr 2 Fe 2 O 5 ) with the brownmillerite structure and ordered oxygen vacancies. On Si-doping we see a stabilization of the cubic symmetry under reducing conditions for silicon contents higher than or equal to x ¼ 0.10. Therefore, through silicon doping we have achieved the stabilisation of the high symmetry form under reducing conditions, which is likely to help maintain its electrical properties and avoid anisotropic changes of dimensions that may provoke a mechanical failure in the working cell.
Neutron diffraction structural study
The structures of the SrFe 1Àx Si x O 3Àd series, x ¼ 0.1 and 0.15, samples were examined using neutron diffraction data. The data indicated a cubic cell (Pm 3m), with no evidence for the presence of extra peaks indicative of oxide vacancy ordering (see Fig. 3 parameters, zero error and peak shape coefficients were varied. For the renement, the atomic displacement parameters for Fe and Si were constrained to be equal. The Fe and Si occupancies were rened, with the constraint that their sum equalled 1.0, and the nal values were in good agreement with those expected from the starting composition. Atomic displacement parameters were rened as isotropic. As can be seen from Table 2 the oxygen atomic displacement parameters are higher than the other atoms which can be related to the local distortions caused by the presence of the silicate groups. The data conrm the importance of silicon doping in these strontium ferrites showing the stabilization of the cubic form, with no long range oxide vacancy ordering. As future work, we are planning to carry out total scattering experiments to study the local structure of these samples and the effect of the introduction of a silicate group. 57 Fe Mössbauer spectroscopy 57 Fe Mössbauer data were collected in order to gain further information on the oxidation state and environment of iron. The spectra recorded from SrFe 0.9 Si 0.1 O 3Àd at 298 K showed three quadrupole split absorptions (Fig. 5) Table 5 ). between 300 and 15 K (Fig. S2 †) show that the material becomes magnetically ordered between 68 and 42 K. The spectra recorded from the magnetically ordered materials were complex and their resistance to tting is consistent with the complexity of the interactions between Fe 3+ and Fe 5+ at low temperatures.
The spectra at 298 and 16 K from the H 2 reduced parent material (Fig. 6) were best tted to three sextets with chemical isomer shis characteristic of Fe 3+ (see Table 5 ). 
Conductivity measurements
The conductivities of the samples were measured in two different atmospheres: air (for cathode applications) and 5% H 2 /95% N 2 (for anode applications).
Air atmosphere
An increase in conductivity was observed for the 10% doped (x ¼ 0.1) sample, with further increases in Si content lowering the conductivity (see Fig. 7 ). The initial increase in conductivity for x ¼ 0.1 may result from the observed changes in the Fe oxidation state as well as possibly an improvement in the conduction pathways from the change from a tetragonal to a more symmetrical cubic system. When the doping level increases further, the conductivity then decreases due to the silicate disrupting the Fe-O network. All samples showed a decrease in the conductivity above $400 C, due to oxygen loss at these higher temperatures reducing the Fe 4+ content.
5% H 2 /95% N 2 atmosphere
Under these conditions we can see an important drop in the conductivity values, with respect to those obtained in air, due to the reduction in the iron oxidation state. The best conductivity values in the SrFe 1Àx Si x O 3Àd series were obtained for x $ 0.10 (see Table 4 ). This behaviour is in good agreement with the fact that, for this series, the x # 0.05 samples showed a transition to a brownmillerite phase, detrimental to the electrical properties.
Area-specic resistance study
Following the conductivity results, cathode testing was performed for the SrFe 1Àx Si x O 3Àd series. These experiments used a composite of the perovskite and CGO10 (1 : 1 wt%) on dense CGO10 pellets. The composite was deposited at 900 C, and at this temperature there was no evidence of any segregation of secondary phases in perovskite-CGO10 mixtures.
Air atmosphere
The dependences of ASR in air on temperature are shown in Fig. 8 and show promising potential for these Si doped perovskites in anode applications, and the fact that these systems are oxides means that problems of C or S poisoning, experienced by Ni containing anodes, may be mitigated in these systems. Further studies are therefore planned to investigate these SrFe 1Àx S x O 3Àd anode materials in more detail. 
Conclusions
